SUMMARY Anaesthetics, intravenous: propofol. Brain: glucose metabolism. Metabolism: brain, spinal cord. 
. However, metabolic or blood flow studies in humans are limited by the spatial resolution of the techniques used, which usually yield mean values from large portions of the brain. This is of particular relevance for investigations concerning general anaesthetics, some of which may induce heterogenous effects in different central nervous system (CNS) regions [8] [9] [10] . Furthermore, despite its obvious clinical relevance, little information is available on anaesthetic effects on spinal cord functional activity. Using the spatial resolution offered by the autoradiographic carbon-14-labelled 2-deoxyglucose (2DG) method [11] , in the present study we have investigated the metabolic activity of 35 brain and spinal cord structures under propofol anaesthesia in the rat.
A preliminary communication was presented at the XLIII Annual Meeting of the Italian Anaesthesiological Society [12] .
MATERIALS AND METHODS
Investigations were carried out in male SpragueDawley rats weighing 250-300 g (Morini, S. Polo d'Enza, Italy). The animals were anaesthetized with pentobarbitone and polyethylene catheters (PE-50, Becton Dickinson) were inserted into the right external jugular vein and common carotid artery, and exteriorized at the back of the neck. Two days later, the animals were allocated randomly to propofol or control groups. Rats of the former group (n = 6) received an i.v. bolus of propofol 8 mg kg" 1 from the commercial preparation (Diprivan, ICI Pharma). Anaesthesia (as Propofol (Diprivan), a short-acting i.v. general anaesthetic [1] , has been utilized in neurosurgery and for sedation of patients in intensive care units [2, 3] . Clinical studies have shown that cerebral blood flow, oxygen consumption and intracranial pressure are reduced during propofol anaesthesia PROPOFOL AND CNS METABOLISM 491 defined by loss of the righting reflex) was maintained by successive bolus injections of 6 mg kg" 1 , performed at the first detectable movement of the animal. The total dose of propofol was 38 mg kg" 1 for each rat, divided in six administrations. Intervals between injections varied from 6 to 10 min and usually increased with time. This regimen was chosen on the basis of preliminary experiments in order to maintain mean systemic arterial pressure (which was continuously monitored throughout the experiments) greater than 80 mm Hg. The effective anaesthetic doses are about three times greater in rats than in humans. Blood concentrations of drug were not measured. Pharmacokinetic profiles are similar in different species; on the basis of the administration schedule adopted, it is likely that after an initial peak of 12-15 ug ml" 1 (before the U C-2DG experiment), blood concentrations of propofol fluctuated at more than 3 ug ml" 1 [13, 14] .
During anaesthesia, rats were spontaneously breathing in the prone position on a cotton pad. Rectal temperature was monitored and maintained at 36.5-37 °C by an infra-red lamp. Control rats received an equivalent amount of vehicle (aqueous emulsion containing 10% w/v soya bean oil, 1.2% w/v egg phosphatide and 2.25 % w/v glycerol, n = 4) or saline (n = 6) i.v., administered according to a similar schedule. Ten minutes after the first propofol or control injection, an i.v. bolus of 14 C-2DG (100 uCi kg" 1 , Amersham, in 0.3 ml of saline) was given; studies were then performed as described by Sokoloff and colleagues [11] . Briefly, 12-13 timed arterial blood samples (80-100 ul each) were drawn during the 45-min period of investigation in order to follow the time course of plasma concentrations of glucose (Beckman Glucose Analyzer 2) and 14 C-2DG (Packard TRI-CARB 460 C). Control animals were free to move around in their cages, although they usually sat quietly in a corner. Immediately before and 25 min after the injection of 14 C-2DG, larger arterial blood samples (0.2 ml) were withdrawn in order to measure pH, Paâ nd Pa Oj (IL gas analyser 213).
Forty-five minutes after the injection of 14 C-2DG, animals were killed by an overdose of pentobarbitone i.v. Brain and spinal cord were removed rapidly, frozen in freon chilled to -80 °C and stored at -80 °C. Serial coronal sections were later obtained by cryostat at -20 °C, dried on a hot plate at 60 °C and processed for autoradiography. Calibrated methylmethacrylate standards were exposed together with sections in x-ray cassettes in order to allow measurement of the isotope uptake. Autoradiographs (Hyperfilm Betamax, Amersham) were analysed quantitatively with the aid of programs developed on a computerized image processing system [15] . Measurements were obtained from at least four sections for each region of interest. Mean local glucose utilization (LGU) rates were calculated according to the procedure described [11] from 32 grey matter and three white matter regions of the brain and cervical enlargement of the spinal cord. Values from the left and right sides of the CNS were not significantly different in any group; therefore, they were pooled for subsequent analyses. One-way analysis of variance (ANOVA) was used to ascertain between-group differences, with Bonferroni's correction for the number of comparisons. A corrected value of P < 0.05 was assumed to be significant.
RESULTS
Mean physiological values during the course of the experiments are shown in table I.
In all animals propofol injections caused a mild decrease (about 15mmHg) in mean arterial pressure (MAP) within a few seconds. Subsequently, a stable baseline could usually be observed, except for an increase towards preinjection values beginning about 60 s before the appearance of the first detectable head or body movements. In all rats, MAP values were greater than 80 mm Hg throughout the experiment. A small but significant increase in Pa COj and decrease in Pa^ occurred in the propofol group.
Piasma concentrations of glucose were in the physiological range and did not differ significantly between groups. Changes from baseline did not exceed 10%. LGU Saline (" = 6)
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46 (3) 50 (3) 44 (2) 54 (3) 105 (5) 84 (5) 54 (5) 116 (2) 122 (4) 74 (6) 55 (2) 99 (7) 91 (6) 67 (3) 80 (10) 88 (9) 106 (11) 46 (4) 37 (2) 76 (5) Mean LGU values of 33 structures were significantly lower in the propofol group relative to both saline-and vehicle-injected animals. Values from the two control groups did not differ significantly from each other in any region investigated. Propofol-induced decreases in LGU were found both in the spinal cord and brain. Structures belonging to somatosensory, auditory, visual and motor systems, in addition to limbic circuits, were affected markedly (table II) , but only a trend towards a decrease was obtained in the superior olivary complex and corpus callosum.
Mean percentage differences in
LGU values of somatosensory and motor structures in the propofol group compared with mean values in controls (saline + vehicle groups, n = 10) are shown in figure 1 . The degree of propofol-induced depression of metabolic activity was similar in grey matter structures of the spinal cord and brain, and in white matter tracts. The greatest significant percentage decrease in LGU among the 33 structures was found in the cingulate cortex (-76%), and the least ( -40%) in the vestibular nuclei. 
DISCUSSION
The results of the present study show that propofol induced a generalized and substantial depression of rates of local utilization of glucose by central nervous system structures in unstimulated rats. This was not caused by the lipid/aqueous emulsion vehicle, which did not modify LGU values. It should be emphasized that the effect of propofol was probably overestimated, because of the slight increase in Pa COj in anaesthetized animals. It is unlikely, however, that this additional factor accounted per se for the observed metabolic activity pattern, as greater Pa COj values are usually required to alter cerebral oxygen and glucose metabolic rate substantially. For instance, Miller, Hawkins and Veech [16] found a 13% decrease in glucose utilization rates at a Pa COi of 10.8 kPa and Van Nimmen and colleagues [17] described a 26% mean decrease in LGU at Pac Oj 10.7 kPa. In a preliminary study, Des Rosiers and colleagues [18] observed a 35% decrease in LGU at a Pa COj of 6.5 kPa. The Pav alues found in the propofol group correspond to an increase of 0.7 kPa (assuming a normal value of 5.3). On the basis of the results of these studies [16] [17] [18] , it can be calculated that this should not affect LGU by more than 20%.
The Paco, effect could be avoided by performing studies in paralysed animals undergoing artificial ventilation. However, for ethical reasons another general anaesthetic drug would be necessary, thereby invalidating comparison with the awake state.
The u C-2-deoxyglucose method has been used extensively in recent years as a tool for monitoring simultaneously the effects of physiological changes or pharmacological interventions on different central nervous system structures [19] .
LGU values in the mammalian central nervous system closely reflect the activity of neurones, and particularly of fibre endings [20] [21] [22] . In the present study we adopted a slightly modified technique, in which vessels were cannulated 2 days in advance and animals were moving freely during the study period. This offers the advantage of substantially reducing possible interference from surgical preparation and anaesthesia on the one hand, and from restraining procedures on the other [23] [24] [25] . The rank order of LGU values in the different CNS structures in control groups, and the range of metabolic activities, are in line with recent results in the rat, from different laboratories [9, 10, 17, 26] .
The 2DG method requires steady state conditions during investigations. As discussed in a recent methodological review [27] , major persisting changes in the brain physiological state in the first 15 min of the experimental period may obscure the significance of measured LGU values. This does not appear to be the case for the present study, in which behavioural and physiological variables showed minor and transient changes.
The integrated functional activity of CNS structures was depressed uniformly by propofol anaesthesia. The observed metabolic pattern in brain structures is similar to that found under barbiturate anaesthesia [11, 28] . In contrast, other general anaesthetics such as ketamine, halothane and isoflurane were found either not to affect, or even to increase, LGU values in some structures, particularly in motor or limbic systems and at intermediate dosages [8-10, 29, 30] . This does not appear to be the case for propofol; indeed, decreases in LGU found in some limbic regions such as the cingulate cortex and anterior thalamus were among the greatest observed. Metabolic values of sensory structures are usually depressed in a dose-dependent manner by all drugs [8] [9] [10] [11] [28] [29] [30] . The investigated visual, auditory and somatosensory thalamo-cortical relay and integration centres usually displayed more than 50% reduction in LGU under propofol anaesthesia.
The spinal cord is the first station of the somatosensory system and is thought to play an essential role in processing noxious stimuli [31] . Quantitatively, functional activity depression observed at this level was similar to that found at supraspinal sites; moreover, it was present in both the ventral and dorsal horns. This is in contrast with the effects of pentobarbitone described by Crosby, Crane and Sokoloff, which were restricted to the deep laminae of the dorsal horns and lateral funiculus; nitrous oxide induced a significant increase in LGU in the spinal cord [26] .
With few exceptions [32, 33] , experimental data on CNS metabolic activity patterns under general anaesthesia have been obtained in unstimulated animals. It will be worthwhile to extend these types of study using selective noxious stimuli, in order to assess the degree of transmission of nociceptive information in the spinal cord and brain in relation to the type and dosage of drug.
On the basis of the metabolic depression found in this study, it appears that propofol elicited a degree of "CNS protection" at both spinal and supraspinal sites. Further experimental studies are required in order to assess if regional cerebral and spinal cord blood flow-metabolic coupling is affected by the drug.
